In protostomes, cell polarity is present after fertilization whereas most deuterostome embryos show minimal polarity during the early cleavages. We now show establishment of cell polarity as early as the first cleavage division in sea urchin embryos. We find, using the apical markers G M1 , integrins, and the aPKC-PAR6 complex, that cells are polarized upon insertion of distinct basolateral membrane at the first division. This early apical-basolateral polarity, similar to that found in much larger cleaving amphibian zygotes, reflects precocious functional epithelial cell polarity. Isolated cleavage blastomeres exhibit polarized actin-dependent fluid phase endocytosis only on the G M1 , integrin, microvillus-containing apical surface. A role for a functional PAR complex in cleavage plane determination was shown with experiments interfering with aPKC activity, which results in several spindle defects and compromised blastula development. These studies suggest that cell and embryonic polarity is established at the first cleavage, mediated in part by the Par complex of proteins, and is achieved by directed insertion of basolateral membrane in the cleavage furrow.
Introduction
Asymmetrically localized information laid down during oogenesis determines the early axis and specifies cell fate, as initially studied in protostomes. C. elegans embryos have a highly polarized cortex and localized determinants, leading to determinative development. The molecular nature of this early polarity is defined by the Par polarity complex, composed of two PDZ domain containing adaptor proteins, PAR6 and Par3, working in concert with atypical protein kinase C (aPKC) and the GTPase Cdc42. The egg shows differential localization of PAR proteins at fertilization into the anterior-posterior axis, thus segregating determinants at the first cell division (Cowan and Hyman, 2004; Doe and Bowerman, 2001; Munro, 2006; Severson and Bowerman, 2003) . Polarity in C. elegans embryos, established at fertilization, is initiated and maintained by the acto-myosin cortex that restricts the PAR6 complex to the anterior domain (Cowan and Hyman, 2007; Munro, 2006) . The Par proteins play a conserved role of controlling asymmetric divisions in worms, flies, frogs, and mammals and likewise plays a similar role later in development in asymmetric divisions in mature epithelial cells (Chalmers et al., 2003; Macara, 2004; Muller and Hausen, 1995; Ohno, 2001; Plusa et al., 2005; Suzuki and Ohno, 2006; Vinot et al., 2005) . However, the roles of the Par complex in the initial stages of deuterostome development, including the chordata and echinoderms, remain less well characterized.
Some deuterostome eggs do show cortical polarity or developmental restrictions, such as along the animal-vegetal axis. For instance, localization of the Wnt pathway signaling protein Disheveled that localizes to the vegetal pole occurs in echinoderms (Croce and McClay, 2006) likely reflecting the inability of the animal half of a fertilized egg to develop normally (Horstadius, 1973) . In mammals, the asymmetric localization of Par proteins or of aPKC in the embryo does not appear until at least the 8 to 16 cell stages when they are found at the apical pole of the polarizing blastomeres (Plusa et al., 2005; Vinot et al., 2005) . In amphibian eggs, meiotic maturation induces asymmetric localization of aPKC and Par3 to the animal hemisphere (Nakaya et al., 2000) . Cell polarity is next seen at the 64 cell stage, when blastomeres of the Xenopus embryo are autonomously polarized with aPKC localized to the apical or free cell surface (Muller and Hausen, 1995) . During formation of the first epithelium in amphibian embryos, aPKC is polarized to the apical domain and directs the formation of the superficial cells of the developing blastula (Chalmers et al., 2003) . Likewise, ascidian embryos are very determinative in development and Patalano et al. (2006) have found polarity in the ascidian egg cortex with the PAR complex localized to the centrosome attracting body during asymmetric divisions, which begin at the 8 cell stage.
Early cleavage divisions also give rise to epithelia with apicalbasolateral polarity. Interestingly, the same Par polarity complex proteins play integral roles in the establishment of apical-basolateral polarity in development (Martin-Belmonte and Mostov, 2008) . Cell polarity can also be established through membrane trafficking in early cleavage. Essential for the completion of cytokinesis (Albertson et al., 2005; D'Souza-Schorey and Chavrier, 2006; Finger and G., 2002) , the membrane inserted into the late furrow is likely to possess unique properties. For instance, in amphibian embryos, membrane inserted into the furrow possesses the cell adhesion molecule β1-integrin (Gawantka et al., 1992) and thus early apical-basolateral cell surfaces are established. Membrane trafficking occurs late in the cleavage furrow to provide the added membrane surface area required in such embryonic cells as those from sea urchins (Conner and Wessel, 1999; Shuster and Burgess, 2002) , Drosophila (Burgess et al., 1997; Hickson et al., 2003; Lecuit and Wieschaus, 2000; Riggs et al., 2003; Sisson et al., 2000) , C. elegans (Bowerman and Severson, 1999; Jantsch-Plunger and Glotzer, 1999; Skop et al., 2001) , zebrafish (Feng et al., 2002) , and amphibians (Bluemink and de Laat, 1973; Byers and Armstrong, 1986; Danilchik et al., 2003; Danilchik et al., 1998) . Associated with this trafficked plasma membrane are key signaling molecules including Rho, lipid signaling molecules and kinases (Bement, 2007; Bement et al., 2005; Ng et al., 2005; Piekny et al., 2005; Skop et al., 2004) . As a result, new membrane insertion into the furrow provides distinct membrane proteins and lipids. In cleaving large amphibian embryos, this new membrane in the furrow provides the basolateral surface of the future blastula.
In this report, we find that the new membrane delivered in the cleavage furrow of the sea urchin zygote provides for a distinct apical and basolateral surface at the first division. The Par complex, found to be polarized in cellular localization at the first cell division, is also shown to play a key role in cleavage plane determination, in organization of the embryo, and in normal blastula formation. Further, we find that early blastomeres are functionally polarized by restricting actin-dependent endocytosis to only the apical cell surface. These results support that, like protostomes and larger deuterostome eggs, sea urchin embryos exhibit early embryonic and cellular apicalbasolateral functional polarity and this polarity is controlled by the Par complex.
Materials and methods

Sea urchin embryo culture
Gametes from the sea urchins Stronglyocentrotus drobachiensis (Northeastern University, Nahant, MA), Stronglyocentrotus purpuratus and Lytechinus pictus (Marinus, Long Beach, CA) were obtained by injecting 0.5 M KCl to induce shedding. Eggs were de-jellied by allowing them to settle three times in artificial seawater (Instant Ocean, Aquarium Systems) containing 4 mM para-aminobenzoic acid (PABA). The eggs were fertilized by adding about 10 μL dry sperm to 1 mL of packed eggs. Fertilization was confirmed by the presence of fertilization envelopes. To remove fertilization envelopes, the eggs were pelleted in a low velocity manual centrifuge immediately following fertilization. The supernatant containing excess sperm was removed, and the eggs were resuspended in calcium free sea water (CaFSW) and passed through 65 μm, 73 μm and 150 μm nytex for S. drobachiensis, S. purpuratus, and L. pictus, respectively, two to three times. Fertilized eggs were cultured in either ASW or CaFSW at 5-10°C for S. drobachiensis and S. purpuratus and 12-18°C for L. pictus. Cytochalasin D (10 μM; Sigma, St. Louis, MO), blebbistatin (30 μM; Calbiochem, La Jolla, CA), ML-7 (100 μM; Sigma), and myristolated protein kinase C zeta peptide inhibitor (4 μM, reconstituted in dH 2 O, BioMol, Plymouth Meting, PA; Zhou et al., 1997; Ward and O'Brian 1993) were added to embryos at various cell stages as indicated in the text.
G M1 labeling
For G M1 staining, Alexa 488 conjugated cholera toxin, subunit B (CTB) (5 μg/ml, Molecular Probes) was added to live cells 30 min postfertilization and washed out 50 min post-fertilization with 3 rinses of CaFSW. Alternatively, CTB was added to cells after the first division or after 2-or 4 cell stage embryos were dissociated by washing in CaFSW.
For G M1 and FAST DiI experiments, cells were labeled with Alexa 488 CTB at 30 min post-fertilization as described above. At the 2 cell stage, the blastomeres were dissociated with gentle pipetting.
Cell surface labeling with FAST DiI and DiIC 18
A FAST DiI or DiIC 18 (Molecular Probes)-saturated aliquot of vegetable oil was drawn into a glass microneedle. The tip of the microneedle was brought to the surface of the cell and a small droplet was microinjected against the outer leaflet of the plasma membrane. FAST DiI and DiIC 18 are fluorescently labeled hydrocarbons that are lipid soluble, and will therefore diffuse laterally within a lipid bilayer. Although their fluorescent properties are similar, they differ in their hydrophobic tail structure and thus each have a distinct phase partitioning preference (Klausner and Wolf, 1980; Spink et al., 1990) . Diffusion of the dye into the plasma membrane of dividing sea urchin eggs was observed by timelapse confocal microscopy, with acquisitions taken at 30 second intervals.
Fixation and immunostaining of integrins
Eggs were fixed in CaFSW containing 3.7% formaldehyde for 1 h on the shaker, and rinsed 3 times in PBS. Eggs were permeabilized in PBS containing 0.1% Triton-X100 for 5 min, followed by three washes in PBS. For immunofluorescence of fixed eggs and embryos, the cells were blocked for 1 h at room temperature in PBS 3% BSA, 0.5% Triton X-100. Primary antibody, 2D2 monoclonal anti-beta C integrin (1:400, Burke et al., 2004) was added and cells were rotated overnight at 4°C. Cells were washed 3 times in PBS. Secondary antibody, Alexa 488 labeled goat anti-mouse (1:300, Molecular Probes) and Alexa 546 labeled phalloidin (1:50, Molecular Probes) in PBS 3% BSA, 0.5% Triton X-100 was added to cells and cells were rotated overnight at 4°C.
Fixation and immunostaining of PAR6, Cdc42 and aPKC
Prior to fixation, embryos were washed three times with a 19:1 mixture of 0.56 M NaCl to KCl (Chambers, 1940) . Embryos were fixed in a 3.7% formaldehyde solution in water with 80 mM PIPES, 1 M glycerol, 5 mM EGTA, and 5 mM MgCl 2 for 1 h rotating at room temperature. They were then permeabilized in the fix solution previously mentioned with the addition of 0.1% NP-40 for 20 min rotating at room temperature. Primary antibody, polyclonal goatanti-PAR6 (1:100; Santa Cruz, sc-14405), polyclonal goat-anti-Cdc42 (1:50; Santa Cruz, sc-34314), or rabbit-anti-PKC-zeta (1:100; specific for both aPKC-zeta and aPKC-lambda, Santa Cruz, sc-216) was added to embryos in PBS, 0.1% Triton-X100 and were rotated overnight at 4°C. (For primary antibody specificity, see Supplemental Fig. 1 .) Embryos were washed 3 times (20 min) with PBS, 0.1% Triton-X100. Secondary antibody, Alexa 488 labeled donkey anti-goat (for PAR6 and Cdc42 primary antibodies) and mouse anti-rabbit (for PKC-zeta primary) (1:1000, Molecular Probes) in PBS, 0.1% Triton-X100 was added to the embryos and rotated overnight at 4°C.
Co-immunoprecipitation
Pelleted embryos were lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris) for 30 min on ice, with occasional mixing, in a volume of 1 mL. The lysate was centrifuged for 10 min at 10,000 ×g at 4°C and the supernatant was collected. 4 μg rabbit-anti-aPKC-zeta antibody (Santa Cruz, sc-216) was added to the lysate followed by 100 μL μMACS Protein A microbeads. The mixture was incubated overnight at 4°C. The μ Column was placed in the magnetic field of the μMACS Separator and was washed with RIPA buffer. The lysate was applied to the column, rinsed 4 times with RIPA buffer, and eluted with pre-heated (95°C) 1× SDS gel loading buffer (50 mM Tris HCl (pH 6.8), 50 mM DTT, 1% SDS, 0.005% bromophenol blue, 10% glycerol). The eluted precipitate was analyzed by SDS-PAGE and Western blot.
Fixation and immunostaining of microtubules
Embryos were allowed to settle and adhere to poly-L-lysine coated coverslips prior to fixation. Coverslips were then placed in ice cold methanol with the addition of 50 mM EGTA for 5 min followed by 3 rinses with PBS. Coverslips with fixed embryos were blocked with immunofluorescence blocking buffer, IMF BB (2% goat serum and 1% bovine serum) for 1 h at room temperature. Primary antibody DM1A monoclonal anti-alpha-tubulin (1:400, Sigma, St. Louis, MO; Henson et al., 2008) in IMF BB was added directly to the coverslips for 1 h at room temperature. Secondary antibody Alexa 488 labeled goat antimouse (1:400; Molecular Probes, Carlsbad, CA) in IMF BB was added directly to coverslips overnight at room temperature.
Endocytosis assay
Alexa 488 CTB-stained embryos (as previously described) were dissociated in CaFSW at the 4 or 8 cell stage and concentrated to 1 mL seawater. 90 μL tetramethylrhodamine dextran (10 mg/ml) was added to the dissociated blastomeres and incubated rotating 10 min at room temperature. Blastomeres were rinsed thoroughly with CaFSW 5 times prior to imaging of vesicles. Myristolated protein kinase C zeta peptide inhibitor (4 μM, BioMol, Plymouth Meting, PA) or cytochalasin D (10 μM; Sigma, St. Louis, MO) was added to the 1 mL culture of dissociated blastomeres for 10 min prior to the addition of tetramethylrhodamine dextran.
Microscopy
For widefield microscopy, digital images were obtained on a Nikon TE 200 or TE 2000 inverted microscope equipped with a Hammamatsu Orca ER CCD camera driven by Metamorph software (Universal Imaging) using Nikon Plan Fluor 0.60 NA 40× and 0.45 NA 20× air objective lenses at room temperature. A Metamorph driven Uniblitz (Vincent Associates) shutter was used to control brightfield and either an Efos or Sutter smart shutter was used to control epifluorescence illumination. For spinning disk confocal microscopy, images were obtained on a Nikon TE 2000 inverted microscope with a Yokogawa spinning disk head and Prarie lasers (561 and 488) controlled by Metamorph software. A Brooke cooling stage was used to maintain a constant temperature for live cell timelapse experiments. For confocal microscopy, digital images were obtained on a Leica DM IRBE inverted scope equipped with the Leica TCSSP2 or TCSSP5 confocal system, using N PLAN 20× air, HCX PL APO 40× oil, and HCX PL APO 63× objective lenses. Leica confocal software was used to acquire and quantitate images. 
Results
Cell surface and cortical markers are polarized by cytokinesis and retained on the former egg membrane Cleavage divisions result in the transformation of a seemingly unpolarized egg membrane to a polarized epithelium of a blastula that has both an apical surface facing the outside and a basolateral surface facing the inside. In most embryos, establishment and maintenance of the apical membrane distinct from the basolateral membrane is due to formation of tight junctions after the third through the fifth cleavage division . Previously we found that ganglioside G M1 , which is evenly distributed in fertilized eggs, migrates and concentrates in the cleavage furrow with lipid rafts during early cytokinesis of the first cell division in sea urchin embryos (Ng et al., 2005) . To observe ganglioside G M1 , embryos were pulse labeled with Alexa 488 cholera toxin B (CTB) during interphase of the first cell cycle and observed during the first cell division by confocal timelapse microscopy. Following the completion of cytokinesis, in the furrow area where ganglioside G M1 had concentrated, the CTB-labeled membrane appeared to be pushed out of the area of the former cleavage furrow, leaving the plasma membranes in the interface between the two blastomeres unlabeled (Fig. 1A , Supplemental Movie 1). This is seen more dramatically after the second cleavage division when ganglioside G M1 is localized solely to the outer, or free, cell surface (Fig. 1B , Supplemental Movie 2). These results are consistent with the widespread findings in animal cell cytokinesis that new membrane is inserted into the late cleavage furrow, something we noted in cleaving sea urchin blastomeres (Shuster and Burgess, 2002) .
One sign of precocious cell polarity at the two and four cell stages in echinoderm embryos is the fertilization-induced elongation of actin rich microvilli. We find that the apical plasma membrane surfaces, rich in microvilli and facing the outside of the embryo, were labeled with CTB whereas basolateral inner plasma membrane surfaces, generally microvillus free, were not labeled. They are retained only on the blastomere surface facing the extracellular matrix, even when the blastomeres are dissociated, whereas the surfaces facing the future blastocoel are relatively bare of microvilli (Schroeder, 1988) . Likely reflecting this polarized distribution of microvilli is the distribution of the αBβC subunits of integrins (Burke et al., 2004) . Interestingly, αBβC integrins are found to be present only on the outer surface exposed to the extracellular matrix as early as the two cell stage (Burke et al., 2004) . Using the anti-integrin antibody from these studies, we found that the localization of integrins corresponded exactly to surfaces labeled with 488 CTB in fixed, immunostained 2 and 4 cell stage embryos (Fig. 1C) . Integrins were not present on the blastomere-to-blastomere contacting membranes.
The fixation protocol does not allow for co-localization of PAR6, Cdc42 or aPKC at the same time as G M1 , however, similar localization patterns of PAR6 and Cdc42 to ganglioside G M1 were seen in fixed, immunostained 2 and 4 cell stage embryos (Figs. 2a, b) . We found that PAR6 and Cdc42 were excluded from the contact sites between blastomeres. The localization pattern of aPKC, using an antibody which detects both the active and inactive forms, differed from that of both the ganglioside G M1 and PAR6 as shown in fixed, immunostained embryos. Enriched at the cleavage furrow during cytokinesis (Fig. 2c) , aPKC then spread throughout the entire cell cortex after division had completed (Fig. 2d) . Thus, inactive and/or active aPKC, in contrast to G M1 , integrins, PAR6, and Cdc42, does not appear to be apically localized in early echinoderm development.
Polarized plasma membrane domains are independent of Ca 2+ -dependent cell adhesion and actin but dependent on myosin filament assembly
To test whether the polarity of ganglioside G M1 enriched membranes was dependent on Ca 2+ -dependent cell adhesion, embryos that had been pulse labeled with 488 CTB in interphase of the first cell cycle were dissociated at the beginning of the 4 cell stage in calcium free sea water and then observed by confocal timelapse microscopy. The polarized membrane domains remained in the dissociated blastomeres, and live cell imaging showed the extent of CTB-labeled membrane remained constant through the next cell cycle (Fig. 3A) . In a reciprocal experiment, unlabeled embryos were dissociated at the beginning of the 4 cell stage, and the dissociated blastomeres were then labeled with CTB and followed by confocal timelapse microscopy. CTB-labeled membrane was detected only over the microvillusbearing (apical) surface and also was found to be stable throughout the next cell cycle. When dissociated two or four cell embryos were fixed and immunostained for integrins and labeled with CTB, it was found that the dissociated blastomere surfaces were polarized with coincident integrin and CTB staining (Fig. 3A) . Although the hyalin layer, an extracellular secreted calcium-dependent adhesion material, does not enter the interface between cells, hyalin is not responsible for this polarity. The embryos stained with CTB were often raised in calcium free sea water to allow for ease of dissociation. Without calcium, hyalin solubilizes and is thus removed from the extracellular matrix (Kane, 1973) . In addition, many washes with calcium free sea water did not remove or alter the localization of G M1 .
In order to determine whether the actin cytoskeleton is required for maintaining polarized membrane domains, dissociated live four cell stage blastomeres labeled with CTB were treated with cytochalasin D to disrupt the actin cytoskeleton while the cells were imaged by timelapse confocal microscopy. Following treatment with cytochalasin D, ganglioside G M1 remained in its original polarized distribution (Fig. 4d′) . These cells became bi-nucleate confirming that actin filaments of the contractile ring were disrupted but that the normal mitotic cycle continued (Fig. 4d) .
Non-muscle myosin II provides the motor force for cytokinesis and is present throughout the egg cell cortex (Lucero et al., 2006; Walker et al., 1994) . ML-7, an inhibitor of myosin light chain kinase (MLCK) activity, prevents myosin assembly and has been shown to block assembly of the contractile ring whereas blebbistatin, which blocks myosin's ATPase activity, does not inhibit ring assembly but does block ring contraction (Murthy and Wadsworth, 2005) . We found that ML-7 causes redistribution of ganglioside G M1 around the entire cell surface of dissociated live 4 cell stage blastomeres (Fig. 4f′) whereas blebbistatin had no effect on ganglioside G M1 apical distribution (Fig. 4e′) . Thus, myosin assembly into bipolar filaments likely plays a role in membrane polarity. Fig. 2 . Polarity proteins PAR6 and Cdc42 localize to the apical plasma membrane in cleavage stage embryos, in contrast to aPKC. Embryos were fixed and immunostained for PAR6 and Cdc42 and imaged using confocal microscopy revealing that PAR6 (a′) and Cdc42 (b′) both localize to the apical cortex in 2 cell stage embryos. Embryos fixed and immunostained for aPKC reveal that it is enriched in the furrow during cleavage (c′) and distributes around the entire cell cortex after the completion of division (d′). Bar equals 75 μm.
Membrane lipids are segregated by cleavage and remain distinct after membrane manipulation
To visualize the nature of non-raft plasma membrane lipid domains, the fluorescent diunsaturated long chain hydrocarbon FAST DiI, which is excluded from domains of the plasma membrane rich in cholesterol, was used to label dissociated 4 cell stage blastomeres. With a micromanipulator, an oil droplet saturated with FAST DiI was touched to the plasma membrane on the 488 CTB free zone and the spreading of FAST DiI labeled membrane was followed by confocal timelapse microscopy. FAST DiI initially spread very quickly through the CTB free membrane zone but then became restricted when it reached the boundaries of the CTB-labeled area and did not spread (Fig. 3B) . In a complimentary experiment, the CTB free zone was labeled with the saturated long chain hydrocarbon DiIC 18 , which is able to diffuse into raft plasma membrane domains. It was found that DiIC 18 was able to diffuse throughout the entire plasma membrane and was not restricted to the CTB free zone (Fig. 3C, Supplemental Movie 3) .
Manipulation of individual blastomeres demonstrated that this segregation of cholesterol-rich membrane domains is a reflection of Fig. 3 . Polarized plasma membrane domains are stable in dissociated blastomeres. (A) Ganglioside G M1 and β-C integrin remain localized to the apical cell surface of dissociated blastomeres. 4 cell stage embryos were first dissociated in calcium free seawater then stained with CTB prior to fixation and immunofluorescence. (B) The diunsaturated long chain dialklcarbocyanine lipophilic tracer FAST DiI is restricted to the basolateral plasma membrane surface in dissociated blastomeres. A live dissociated four cell stage blastomere labeled with Alexa 488 CTB was co-labeled with an oil droplet saturated with FAST DiI. The FAST DiI initially spreads quickly throughout the ganglioside G M1 -free basolateral plasma membrane surface, but then is restricted to the basolateral plasma membrane. Time in minutes is indicated in the lower left-hand corner of each frame. (C) A dividing zygote is touched with an oil droplet saturated with DiIC 18 at the future cleavage furrow. The DiIC 18 spreads laterally through the plasma membrane and also into the furrow of the dividing cell, where non-raft plasma membrane exists. Time in minutes is indicated in the lower left-hand corner of each frame. (D) A glass microneedle, bent in the shape of a hockey stick, was used to cut and remove the non-CTB 488 labeled membrane from a dissociated blastomere. The remaining nucleated apical-only cell subsequently divided and new non-raft membrane was added to the cleavage furrow of the manipulated blastomere. By adding a second color fluorescent CTB (555), the new membrane is confirmed to not contain any ganglioside G M1 . Bar equals 50 μm.
established polarity. Sea urchin embryos are excellent at healing after membrane wounding. The apical surface of a four cell stage embryo was labeled with 488 CTB, the blastomeres were dissociated in calcium free sea water and resuspended in sea water. Using a microneedle, the non-CTB-labeled membrane was cut and removed from the blastomere, leaving a nucleated apical-only cell (Fig. 3D ). This apical-only cell subsequently divided and inserted new ganglioside free membrane in the furrow. By adding a second color fluorescent CTB, the new membrane is shown to not contain any ganglioside G M1 (Fig. 3D, overlay) . Thus, the lipid domains, gangliosides, integrins, and the Par complex are all separated into apical or basolateral domains by early cleavage divisions.
Ca
2+
-mediated cell adhesion, the actin cytoskeleton, and functional aPKC are required for PAR6 localization Dissociated two and four cell stage embryos, generated by washing embryos in calcium free sea water, were fixed and immunostained for PAR6 revealing that PAR6 lost its polarity to the apical cell surface (Fig.  5a′) . We found that as soon as 15 min after dissociation, PAR6 relocalized to the entire cell surface of the isolated blastomeres. Thus, in contrast to ganglioside G M1 localization, PAR6 polarization is dependent on Ca 2+ -dependent cell adhesion. We also were interested in the dependency of PAR6 on an intact actin cytoskeleton. We treated intact, adherent 2 cell stage embryos with cytochalasin D for 15 min, then fixed and immunostained for PAR6. PAR6 localization had not only redistributed to the entire cell surface, but also became cytoplasmic (Fig. 5b) . Upon washout of cytochalasin D, PAR6 re-localized to the free apical cortex and was excluded from the cell-cell contact surfaces (Fig. 5c) . In contrast to ganglioside G M1 localization, PAR6 apical localization depends on actin filaments.
The interaction of PAR6 and aPKC has been shown to be essential for the function of the aPKC polarity complex. Using an antibody against aPKC for co-immunoprecipitation followed by using a PAR6 antibody for western blotting, we confirmed a complex of aPKC and PAR6 exists in sea urchin embryos (Fig. 5f ). Lysate from 2 cell stage embryos, in which Par polarity is first detected, was used for coimmunoprecipitation. Subsequently, we used a myristolated PKC-zeta cell permeable peptide inhibitor to specifically inhibit aPKC (Ward and O'Brian, 1993; Zhou et al., 1997) , thereby determining the dependency of PAR6 and the ganglioside G M1 polarized localization on a functional aPKC complex. Live embryos at the 2 cell stage, labeled with 488 CTB, were treated with the inhibitor and imaged by confocal microscopy. The apical membrane localization of the ganglioside G M1 was not affected by treatment with the aPKC inhibitor (Fig. 5e) . To examine the effects of aPKC inhibition on PAR6 localization, 2 cell stage embryos were treated with the aPKC inhibitor for 15 min, then fixed and immunostained for PAR6. In contrast to the ganglioside G M1 , PAR6 redistributed around the entire cell cortex and became cytoplasmic in these embryos, illustrating that its polarized localization is dependent on a functional aPKC polarity complex (Fig. 5d) . The effect of the aPKC Fig. 4 . G M1 localization to the apical cell surface is independent of actin and acto-myosin contraction, but dependent on myosin filament assembly. G M1 remains localized to the apical plasma membrane surface after treatment with cytochalasin D (10 μM) (a′), blebbistatin (30 μM) (b′), and ML-7 (100 μM) (c′) in 2 cell stage embryos. G M1 also remains localized to the apical cell surface in dissociated blastomeres of 4 cell stage embryos treated with cytochalasin D (d′) and blebbistatin (e′), but spreads around the entire cell cortex of those blastomeres treated with ML-7 (f′). Embryos were first stained with Alexa 488 CTB then dissociated in calcium free seawater prior to drug treatments and imaging by spinning disk confocal microscopy. Bar equals 25 μm. Fig. 5 . PAR6 apical localization is dependent on calcium-mediated cell adhesion, actin, and aPKC activity. After dissociation of 4 cell stage embryos in calcium free seawater, PAR6 redistributes around the entire cell cortex of individual blastomeres (a′). In intact 2 cell stage embryos, depolymerization of actin causes PAR6 to lose its cortical localization (b). Embryos were treated with cytochalasin D (10 μM) for 15 min then fixed and immunostained for PAR6. This cortical disruption of PAR6 is reversible upon washout of the drug (c). Embryos treated for 15 min with cytochalasin D were subsequently washed with ASW and raised for 15 min prior to fixation and immunostaining. Also in 2 cell stage embryos, aPKC activity is required for PAR6 (d), but not G M1 (e) cortical localization. Embryos were first treated with 10 μM PKC-zeta peptide inhibitor for 15 min then fixed and immunostained for PAR6. For G M1 localization, embryos were stained with Alexa 488 CTB for 30 min prior to the inhibitor treatment. Bar equals 50 μm. (f) Anti-PKC-zeta antibody was used for immunoprecipitation (IP) of 2 cell stage sea urchin embryo lysate. Immunoprecipitates underwent SDS-PAGE and western analysis with anti-PAR6 antibody.
inhibitor on PAR6 localization was fully reversible upon washout (data not shown).
Functional polarity exists at the early cleavage stages
Endocytosis is polarized in cleavage blastomeres
Fluorescent dextran molecules have been used to follow compensatory endocytosis after fertilization in sea urchin eggs (Whalley et al., 1995) and we used this method to determine sites of endocytosis in cleavage stage embryos. Dissociated two, four, or eight cell stage embryos were labeled with 488 CTB to identify the apical surface and then pulsed with fluorescent dextran for 10 min (Fig. 6 ). Timelapse imaging shows that endocytosis occurs selectively on the G M1 -rich apical surface in cells from all blastomeres tested (Fig. 6d) . Thus, there is functional polarity established in the first cleavage divisions. Cytochalasin D treatment to disrupt actin filaments abolished dextran endocytosis whereas nocodazole treatment to disrupt microtubules did not affect initial endocytosis but the vesicles did not migrate beyond the cell cortex (data not shown). Additionally, aPKC inhibition in dissociated blastomeres does not disrupt endocytosis or the polarity of the endocytosed vesicles (data not shown).
The Par complex plays a role in normal cleavage plane determination and development Sea urchin eggs undergo stereotypical cleavage divisions; for instance, the third cleavage results in two tiers of four blastomeres. Inhibition of aPKC at the 4 cell stage does not block cell division but results in 91.7% (42 of 46 observed) of the 8 cell embryos with cleavage plane defects (Figs. 7c, d) . Examination of the mitotic apparatus microtubules by immunofluorescence reveals a number of spindle orientation and spindle defects (Figs. 7a, b) , which result in the organization of all 8 blastomeres in the same plane and birth of unequal sized cells (Figs. 7c, d) . Two cell stage embryos treated with aPKC inhibitor resulted in cells with multiple spindles, cells with eccentrically placed spindles, multipolar spindles, and spindles with short asters (Figs. 7a, b) . These spindle defects lead to the eventual apoptosis of embryos and the inability to develop into a blastula.
The effect of aPKC inhibition, using doses allowing for cleavage, on blastula formation is dependent upon the developmental stage at which the inhibitor was added. Consistently compromised in blastula formation, embryos treated at progressively later cleavage stages were more successful in forming blastula stage embryos (Fig. 7e) . When the aPKC-zeta peptide inhibitor was added at the one, two, or four cell stages, embryos underwent one additional round of division, but subsequently apoptosed. Over 60% of embryos treated with the inhibitor at the 16 cell stage were able to form blastulae; however, the epithelium of these blastulae was highly compacted compared to the control (Fig. 7e, inset) . In addition, these effects are reversible upon washout of the aPKC inhibitor after 15 min of treatment (data not shown). Thus as development proceeds, disruption of early polarity directed by the Par complex has a decreased effect on the ability of the embryo to form a blastula.
Discussion
The results in this study provide evidence that structural and functional cell polarity in sea urchin zygotes appears at the first cell division. We find that apical-basolateral, cellular is established at the Fig. 6 . Endocytosis is polarized to the G M1 -rich apical cell surface. Vesicles (c) are specifically endocytosed at the apical cell surface where G M1 localizes (b, d) . Embryos were first stained with Alexa 488 CTB then dissociated at the 4 cell stage in calcium free seawater prior to incubation with rhodamine labeled dextran for 10 min. Excess rhodamine dextran was washed out with calcium free seawater and blastomeres were imaged by spinning disk confocal microscopy. Two blastomeres of a 4 cell stage embryo are shown. Bar equals 25 μm. Fig. 7 . Functional aPKC is required for normal cleavage plane determination and blastula formation. 2 cell stage embryos were first treated with 4 μM PKC-zeta peptide inhibitor and raised through the next cell division before fixation and immunostaining for tubulin. Mitotic apparatus microtubules exhibited many defects including multipolar spindles (a), short asters (b), and improper spindle rotation. Phenotypes seen after aPKC inhibition included subsequent division of blastomeres into the same plane (c) and birth of unequal sized cells (d). Bar equals 50 μm. Blastula development was compromised in embryos treated with 4 μM PKC-zeta peptide inhibitor compared to control (e). The success rate of blastula formation increased as the embryos were treated at later cleavage stages. Embryos treated at the 16 cell stage exhibited increased compaction of the blastula epithelium (inset).
first cell division by partitioning of the egg cortex and plasma membrane. The apical or outer cell surface remains distinct from the newly generated basolateral surface at the cell-cell contact site, much as has been shown in early cleaving amphibian zygotes. Using markers of the apical cell surface, of membrane domains, and of conserved polarity proteins, we find that new membrane insertion at the cleavage furrow provides basolateral membrane that remains distinct from the apical membrane. Heretofore, it has been suggested that most deuterostome embryos with the notable exceptions of amphibian and ascidian embryos do not exhibit cellular structural and functional polarity until the development of tight junctions between blastomeres in the early blastula stage, which provide for the barriers between apical and basolateral surfaces after the first three or four cell divisions . However, our findings suggest that true cellular polarity may exist in deuterostome embryos in general.
In a few embryos, including amphibians, tight junctions first form at the two cell stage although they may not assume their apical locations until much later (Cardellini et al., 1996; Chen et al., 1997; Fesenko et al., 2000; Merzdorf et al., 1998) . However, sea urchin eggs do not assemble tight junctions until at least the eight cell stage (Andreuccetti et al., 1987; Spiegel and Howard, 1983) . Interestingly, in sea urchin embryos, early reports suggested that isolated blastomeres from the first cleavage divisions are able to have a self polarizing capacity (Dan, 1954a,b; Dan, 1960) . The results reported here show that the Par complex, Ca 2+ -dependent cell adhesion, and the actin cytoskeleton can serve the novel function in early cleaving blastomeres of establishing and maintaining the apical-basolateral cell polarity that is established at the first cell division in the absence of cell junctions. The sea urchin egg membrane changes at fertilization with the exocytosis of membrane and the formation of thousands of microvilli due to actin filament assembly. Accompanying the morphological transformation of the egg surface is the appearance of unusual integrins which associate with the cortical actin cytoskeleton (Burke et al., 2004) . In addition, we find that the Par complex, including PAR6, aPKC and Cdc42, are polarized after each cleavage division by being restricted to the apical cortical region of the blastomeres in an actindependent manner. It appears that for this relatively average sized egg, like for much larger amphibian eggs (Muller and Hausen, 1995) , the fertilized egg membrane becomes the apical cell membrane and the basolateral membrane surface originates via targeted exocytosis in the cleavage furrow. Our findings are consistent with the report that at the blastula stage, specific cell surface antigens are localized to and are maintained at the apical cell surface, even in dissociated blastomeres, in an actin filament dependent manner (Nelson and McClay, 1988) .
We find that this structural polarity is reflected by true functional polarity at the earliest cleavage divisions. Not only are microvilli restricted to the apical cell surface in dividing blastomeres, but we also find that this apical cell surface is functionally distinct from the basolateral cell surface as it is competent to support actin-dependent fluid phase endocytosis. The insensitivity of polarized endocytosis to aPKC inhibition suggests that the competency of the apical cell surface to fluid phase endocytosis is independent of the Par complex.
However, the PAR complex also plays a key functional role in embryonic polarity in this model deuterostome. We find that the complex is important in mitotic spindle orientation essential for proper cleavage plane determination and for normal blastula formation. These results are consistent with early observations that the aPKC-PAR complex plays a key role in mitotic spindle orientation in dividing C. elegans embryos (Etemad-Maghadam et al., 1995) . Proper cleavage plane determination, as controlled by the PAR complex, is thus key for creating the stereotypical blastomere orientations in 8, 16, 32, etc. cell stage embryos. Interference with the PAR complex by inhibiting aPKC results in significantly compromised blastula development and thus proper animal-vegetal polarity, an effect that we have found to be reversible.
While mammalian embryos do not reveal molecular polarity until after several cleavage divisions, a strong polarity is exhibited during oocyte maturation divisions. Par-3 has been shown to be associated with a cortical actin cap in the pole of the oocyte where polar bodies are born and the intact actin cytoskeleton is required for maintenance of the asymmetric Par-3 localization (Duncan et al., 2005) . Whereas deuterostomes in general are regulative in development, the early mammalian embryo does show distinct cell polarity where cleavage divisions may play a key role in segregating determinants (ZernickaGoetz, 2005) . Thus, the results in the present study indicate that deuterostomes also show functional cellular polarity at the first cleavage division and that the Par complex plays a key role in the establishment of this polarity.
